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In situ electrochemical Raman investigation of charge storage in 
rGO and N-doped rGO  

Rohit Yadav,* Prerna Joshi, Masanori Hara, and Masamichi Yoshimura 

In this study, in situ electrochemical Raman spectroscopy was applied to clarify the charge storage mechanism in three types 

of anodes, synthetic graphite, reduced graphene oxide (rGO), and nitrogen-doped reduced graphene oxide (N-rGO). Li+ 

intercalation phenomenon was measured in LiPF6 electrolyte solution using a modified coin cell setup. The synthetic graphite 

anode showed the splitting of G peak at E< 0.2 V vs Li/Li+, corresponding to the formation of graphite intercalation compound 

(GIC) and its second-order 2D peak was found red-shifted due to charge transfer and induced strain in the potential region 

of 0.5 to 0.15 V vs Li/Li+. In the case of rGO, the lattice defects assisted in large and early intercalation of electrolyte ions, 

which is confirmed by the red-shift in G peak (~36 cm-1) and its early disappearance below 0.3 V vs Li/Li+, respectively. Unlike 

rGO, nitrogen vacancies in N-rGO provide active sites for Li+ intercalation, resulting in enhanced charge transfer, displayed 

by large red-shift in G peak (~55 cm-1) and blue-shift in the D peak. In addition, a new Raman peak at 1850 cm-1 was observed 

in N-rGO for the first time, corresponding to the formation of a reversible intermediate species from the interaction between 

Li+ and nitrogen vacancies. This work demonstrates the use of a simple in situ technique to get insight into the nano-carbon 

electrodes during device operation and to reveal the role of doped nitrogen atoms for Li+ intercalation. 

Introduction 

Because of their interesting mechanical, electrical, and 

structural properties, carbon materials are of great interest for 

more than two decades for applications in energy devices such 

as batteries,1 supercapacitors,2 and fuel cells.3,4 Utilizing the 

aforementioned features, carbonaceous materials such as 

graphite, pristine graphene, and chemically modified graphene 

have already been explored as energy storage materials,2 and 

further researches are going on to tailor their chemical and 

structural properties, namely defective sites, functionalities, 

heteroatom doping, and surface area.5,6 The primary task of 

improving the performance is not only limited to the discovery 

of new material but also depends on the detailed investigation 

of electrode behaviors during device operation.  It is vital to 

acquire real-time insight into the charge storage mechanism 

and physiochemical change occurring at the electrode-

electrolyte interfaces such as structure growth, ion 

intercalation mechanism, interface formation, electrode 

degradation, and phase change. In this regard, in situ or in 

operando analytical techniques pave a path to study these 

electrode phenomena in a dynamic system.7–10 Raman 

spectroscopy is one of such sensitive, non-destructive, and well-

developed technique to study structural properties in carbon 

materials by the appearance of a first-order G peak, a second-

order 2D Raman peak, and a defect induced D peak. G and D 

peaks arise from the double degenerate (E2g) vibration mode of 

in-plane sp2 C-C bond and breathing mode of defective sp3 

carbon ring, respectively, while the 2D peak is the second 

overtone of D peak which arises from the inelastic scattering 

event involving two phonons of opposite wave vectors.11,12 The 

2D peak includes important information such as induced strain, 

charge transfer, external doping, and the number of layers. The 

versatile and well-explored nature of Raman spectroscopy 

makes it the first choice to be combined with electrochemical 

measurements for carbon-based electrodes.  

Inaba et al. first studied the in situ electrochemical (EC) 

Raman spectroscopy for Li-ion battery using a highly oriented 

pyrolytic graphite (HOPG) electrode.13 The work was a 

breakthrough because it was the first report that showed the 

graphite intercalation compound (GIC) formation in the HOPG 

anode and correlated it with the G peak splitting. Till now, 

various other carbon electrode materials such as 

microcrystalline KS-44 graphite,14,15 pristine graphene,16 and 

activated carbon,15,17 have been investigated by in situ EC 

Raman spectroscopy for application in supercapacitor and 

lithium-ion batteries. Most of the studied carbon forms are 

either crystalline graphite or few-layered graphene. However, 

the charge storage mechanisms in defective graphene created 

by oxygen functionalities, heteroatom doping,18 or structural 

defect have not been focused on so far. Previous researches to 

improve the electrode performance have reported that 

defective and chemically derived electrode material such as 

reduced graphene oxide (rGO) and nitrogen-doped reduced 
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graphene oxide (N-rGO) show higher capacity 

~600-1500 mAh g-1,19–21 than the theoretical capacity of 

graphite (372 mAh g-1).22 This is because the defect structure 

and functionalities affect the chemistry of Li-ion intercalation. 

The present study emphasizes on the behavior of these 

defective carbon as a Li-battery anode and reflects structural 

changes occurring in the system during operating conditions, 

highlighting the limitation of ex situ measurements. These 

changes can provide an insight related to the charge transfer, 

developed strain, and intermediate formation23 in the electrode 

using a feasible, cost-effective, and highly sensitive technique of 

in situ EC Raman spectroscopy. In this study, using in situ EC 

Raman spectroscopy, we have observed red and blue-shifts in G 

and D peaks respectively, which are associated with enhanced 

charge transfer and accumulation of Li-ions at defectives sites 

in rGO and N-rGO electrodes. Specifically, an additional new 

reversible Raman peak at 1850 cm-1 appeared for N-rGO, which 

could be due to the formation of an intermediate species by the 

interaction between Li+ and N vacancies. Also, the behavior of 

the second-order peak (2D) is only limited to highly crystalline 

graphite anodes,16,24,25 thus, an effort has been made to 

investigate it for synthetic graphite anode. This is the first in situ 

report on the Li-intercalation mechanism in rGO and N-rGO. 

Experimental 

Electrode preparation:  

Briefly, rGO and N-rGO were synthesized from graphene oxide 

(GO) prepared by modified Hummers’ method via pyrolysis at 

800 oC in the absence and presence of urea, respectively, as 

described in our previously reported article.2 The electrode 

slurry was prepared by mixing with 5 wt.% of polyvinylidene 

fluoride (PVDF, Alfa Aesar) as binder in N-methyl-2-pyrrolidone 

(NMP, Aldrich) solvent. The slurry was drop casted on a cleaned 

(ultrasonicated in ethanol for 30 min) stainless steel wire mesh 

(SUS 304, diameter 14 mm, Nilaco Corporation). The slurry 

coated mesh electrode was dried in vacuum at 80 oC for 8 h. For 

comparison, a synthetic graphite electrode (average particle 

size< 21 μm, Aldrich) was also prepared in a similar manner.  

 
 

 

 

Coin cell setup:  

All in situ measurements were performed in a customized 2032-

coin cell setup with a hole of 0.2 mm in diameter on the top of 

the cell, as shown in fig. 1. The coin cell was fabricated in an Ar 

filled (99.99 % pure) glove box (UNICO Ltd.), with electrode 

material deposited SUS mesh as a working electrode, Li metal 

(99.9 % pure, Honjo Metal Co., Ltd.) as counter and reference 

electrode, and Whatman® GF/A microfiber filter paper as a 

separator in 1 M lithium hexafluorophosphate (LiPF6) 

containing electrolyte in solution ethylene carbonate (EC): 

dimethyl carbonate (DMC) = 1:1 v/v %. The coin cell assembly 

was crimped and the top hole was sealed with cover glass using 

epoxy paste (Torr seal®) inside the glove box. The cover glass 

was fixed carefully to avoid the exposure of cell contents to air 

or epoxy paste. The sealed cell was kept for 2 h inside the glove 

box for the epoxy to settle and dry.   

In situ electrochemical Raman measurement:  

Raman measurements were performed by in-Via Renishaw 

Raman spectroscope using 532 nm laser focused by 50x long 

objective lens. All the measurements were performed in static 

mode with 0.5 % laser power (to avoid laser-induced defects) 

and 1.5 s exposure time for 5 accumulations to obtain a high 

signal to noise ratio. The in situ cell was studied by galvanostatic 

charge-discharge (without resting time), cycled at C-rate= C/15 

(1C= charge required to fully intercalate Li+ into graphite anode, 

forming LiC6 in 1 h) in the potential range from 10 mV to 3 V 

using the potentiostat (Hokuto Denko HZ-7000). Prior to 

measurement, the open-circuit potential (OCP) of the sealed 

cell was monitored till it became stable. All the potentials are 

represented w.r.t Li/Li+ unless otherwise stated.  

Material characterizations:  

X-ray diffraction (XRD) was performed by Cu Kα (λ= 1.5405 Å) 

radiation source using Rigaku Ultima IV X-ray diffractometer, to 

study the reduction and interlayer d spacing. N-doping and 

surface functionalities were investigated by X-ray 

photoelectron spectroscopy (XPS) using a monochromatic Al Kα 

X-ray source (ULVAC-PHI 5000 VersaProbe-II). The surface 

morphology and crystallinity of the samples were studied by 

transmission electron microscopy (TEM) (JEOL JEM-2100), 

operated at 120 kV. 

Results and Discussion 
The successful reduction of GO to rGO and N-rGO was 

confirmed by XRD (fig. S1). The calculated d spacing 

corresponding to the (002) plane for synthetic graphite was d= 

0.33 nm, and that both for rGO and N-rGO was 0.34 nm. This 

slightly high d value for rGO and N-rGO is due to remaining 

oxygen functional groups after reduction.26 The degree of 

reduction and nitrogen incorporation in N-rGO were further 

confirmed by XPS, as shown in fig. 2(a). XPS survey scan shows 

the presence of C, O, and N elements without any impurities 

with N-doping of 8.7 at. % in N-rGO. The calculated C/O ratio for 

rGO and N-rGO was 14.8 and 23.0 respectively, confirming the 

successful synthesis from the reduction of GO. Fig. S2 shows the 

individual N1s scan of the synthesized N-rGO sample, which 

Fig. 1 Schematic of the customized coin cell setup.  
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allows a better understanding of N incorporation in the 

graphene framework. Four types of N functionalities, pyridinic 

nitrogen (N-6), pyrrolic nitrogen (N-5), graphitic nitrogen (N-G), 

and nitrogen oxide (N-O) can be deconvoluted from N1s 

spectrum, present in the concentration of 23.6, 22.3, 45.2, and 

8.8 %, respectively. N-6 is formed due to the replacement of the 

C atom at the edge of the graphene and is bonded to 2 sp2 C 

atoms. The substitution of C by N in a 5-member ring leads to 

the formation of N-5 which has more sp3 character. The 

substitution of C by N in between the lattice forms N-G which 

bonds to 3 sp2 C atoms.27,28 N-6 and N-5 functionalities are 

reported to induce metallic behavior and electron donor state 

near Fermi level,29,30 while N-G provides catalytically active 

sites, which overall enhances the interaction between Li+ and N-

vacancies compared to the un-doped graphene (rGO).31,32 TEM 

micrographs in fig. S3(a) show the stacked and wrinkle-free 

flakes of graphite, whereas exfoliated and wrinkled morphology 

in the case of rGO and N-rGO (fig. S3 (b) and (c)) due to pyrolysis. 

Selected area electron diffraction (SAED) micrographs in fig. 

S3(d) shows the polycrystalline nature of the synthetic graphite 

anode with a ring diameter ~9.5 nm-1. The Raman spectra of 

graphite, rGO, and N-rGO are shown in fig. 2(b). Sharp G (~1576 

cm-1) and 2D (~2711 cm-1) peaks are observed in the case of 

synthetic graphite due to its ordered stacked structure. A small 

intensity D peak is also observed at ~1350 cm-1. On the other 

hand, two broad D (~1350 cm-1) and G (~1590 cm-1) peaks were 

observed due to structural defects for rGO, and structural and 

nitrogen-induced defects for N-rGO at high pyrolysis 

temperatures. The ratio of the intensity of D and G peak (ID/IG) 

was used to investigate the degree of defects in the graphene 

lattice. The calculated ID/IG ratio for rGO and N-rGO samples was 

0.94 ± 0.02 and 1.14 ± 0.02, respectively. The ratio of the 

intensity of D and G peak (ID/IG) was used to investigate the 

degree of defects in the graphene lattice. The calculated ID/IG 

ratios for rGO and N-rGO samples were 0.94 ± 0.02 and 1.14 ± 

0.02, respectively. The large ID/IG ratio of N-rGO compared to 

rGO is due to nitrogen incorporation, which creates nitrogen-

induced defects in the lattice27,33 and due to extra synthesis step 

in the case of N-rGO like freeze-drying and washing in HCl 

solution.2 

Fig. 3 shows the cyclic voltammogram (CV) of the first cycle 

to compare lithium-ion intercalation/de-intercalation behavior 

in graphite, rGO, and N-rGO at a scan rate of 0.1 mV s-1. During 

intercalation, a cathodically polarized peak at E< 0.8 V is 

observed for graphite anode and is ascribed to solid electrolyte 

interface (SEI) formation by the decomposition of the 

electrolyte and electrode materials.34,35 In general, SEI 

formation occurs during the first intercalation cycle by the 

reduction of electrolyte components at the electrode surface, 

which makes first cycle important for in situ investigation. On 

reducing the potential, another well-defined and reversible CV 

peak in the potential range ~0.20 to 0.02 V was observed due to 

reversible intercalation and de-intercalation of Li+ ions into the 

graphite layers through the formation of graphite intercalation 

compounds (GIC). A small shoulder peak to the main peak can 

be observed in the potential range ~0.1V, signifying the 

transition from stage 2 (partial intercalation of Li-ions in 

graphite layers) to stage 1 GIC, i.e. the formation of the final 

intercalation compound where all graphite layers are filled with 

intercalated Li-ions.16 In the case of rGO and N-rGO, various 

cathodic peaks are present below 1.5 V, corresponding to the 

decomposition of electrolyte and the reduction of attached 

oxygen functional groups on the electrode surface contributing 

to the formation of SEI. The cathodic peak positions for rGO and 

N-rGO are at a higher positive potential than graphite, which 

could be due to the early intercalation of Li+ into their defective 

structure as compared to the layered graphitic structure. 

Additionally, an early increase of specific current in CV profile 

for rGO/N-rGO is also observed, which can also be due to the 

above-mentioned reason. At lower potential (E< 0.5 V), an 

irreversible Li+ insertion peak was observed in both rGO and N-

rGO, which pointed towards the irreversible Li+ 

intercalation/de-intercalation mechanism.19,36,37 

Fig. 2 Comparison of (a) XPS and (b) Raman spectra of synthetic graphite, rGO, and 

N rGO (* refer to the Indium substrate). 

(b) 

(a) 
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No additional reversible peaks are present for both rGO and N-

rGO, signifying that the GIC formation in both electrodes is 

unlikely.15,17 Electrochemical measurement solely cannot 

provide mechanistic details supporting the above arguments 

regarding the reaction mechanism, early Li+ intercalation, and 

Li+-nitrogen interaction for rGO/N-rGO electrodes,  thus in situ 

Raman spectroscopy is employed to precisely investigate these 

arguments. The in situ EC Raman measurement was performed 

during the first galvanostatic charge-discharge cycle at a C-rate= 

C/15. The low C-rate was chosen for the precise investigation of 

Raman spectra changes occurring on the electrode surface. The 

first cycle capacity of graphite, rGO, and N-rGO was 282, 630, 

800 mA h g-1, as shown in fig. S4. The lower observed capacity 

of graphite than theoretical capacity (372 mA h g-1) is due to the 

non-uniform coating of the electrode material on the SUS mesh 

and non-inclusion of acetylene black, which is used to overcome 

the conductivity loss by PVDF binder.38 
 

 

Synthetic graphite:  

The working of the modified coin cell setup was confirmed by 

the G peak splitting, which was reported in previous 

studies15,16,25 in in situ EC Raman spectroscopy of the synthetic 

graphite electrode. As shown in fig. 4 (a), two main Raman 

peaks i.e. G (~1582 cm-1) and 2D (~2724 cm-1) peaks were 

observed at OCP (3.0 V). The peak position and intensity 

changed soon after cell fabrication, probably due to the 

developed pressure or deformity in the anode.39 During the first 

intercalation cycle, Raman peaks remain fairly unchanged until 

0.5 V, showing that no structural change of graphite takes place 

in this potential region, whereas a small peak was observed on 

the CV. Below 0.5 V, significant reversible changes were 

observed in the Raman spectra; (a) the blue-shift in G peak, (b) 

gradual weakening and red-shift in 2D peak, (c) splitting of G 

peak below 0.2V, and (d) the gradual disappearance of all 

Raman peaks below  0.09 V.  

The G peak shifted from ca. 1580 to 1591 cm-1 in the 

potential range 0.50 to 0.20 V (indicated by the blue arrow in 

fig. 4 and summarized in table S1) due to the formation of an 

initial stage of Li+ intercalation (dilute stages GIC), which 

resulted in the increased force constant of the in-plane sp2 C-C 

bond in the periodically arranged graphite lattice, as reported 

by Sole et al.24 and Inaba et al.13. The further intercalation of Li+ 

into graphite via staged GIC (stage 4 to stage 1) was first 

explained in the pioneering work of Inaba et al. from the 

splitting of G peak in the highly oriented pyrolytic graphite. At 

potential E< 0.2 V, the G peak is splitted into two peaks E2g2(i)= 

1573 cm-1 and E2g2(b)= 1600 cm-1, E2g2(i) is the interior graphite 

layers, which are not adjacent to the intercalated Li+ and E2g2(b) 

is the bounding graphite layer, adjacent to the intercalated 

Li+.25,40 As E≤ 0.1 V, E2g2(i) peak completely vanishes and only the 

E2g2(b) peak remains, showing the complete intercalation of the 

anode by Li+ and the formation of stage 2 GIC. In further lower 

potential region E≤ 0.08 V, the electrical conductivity of the 

anode increases due to the formation of final stage GIC (stage 

1). Due to the formation of high conducting GIC, the 

polarizability of graphite anode changes which decreases the 

optical skin depth of the Raman laser and the Raman scattering 

intensity gradually diminishes, leading to the disappearance of 

Raman peaks.24  

 

 

 

 

 

 

 

 

 

 

Fig. 3 Cyclic voltammetry profile of synthetic graphite, rGO, and N-rGO at 0.1 mV s-1 

from modified coin cell setup. 

Fig. 4 (a) In situ EC Raman spectra of Li+ intercalation into synthetic graphite, (b) 

Corresponding change in Raman G and 2D peak of synthetic graphite during first 

intercalation cycle. 

(a) 

(b) 
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The behavior of the 2D peak during intercalation has not yet 

been reported for synthetic graphite anodes. The position of 

double resonance 2D peak (~2724 cm-1) remained unchanged 

until 0.5 V, and red-shifted from ca. 2724 to 2719 cm-1 between 

0.5 to 0.3 V. Then, the peak further weakened and red-shifted 

to 2652 cm-1 at 0.15 V (Δ2D= 72±1 cm-1) until it disappeared 

completely at E< 0.12 V, as shown in fig. 4 (b). The 2D Raman 

peak is reported to be influenced by layer stacking, charging, 

and induced strain in graphene.11,12 The observed red-shift in 

our case could also arise due to the charging of graphite, i.e. the 

formation of highly conductive final stage GIC41 and the 

developed deformational strain from Li+ intercalation.42 The 

charging of graphite occurs because of the intercalation of Li+ 

between the layered graphite structure. The intercalation 

occurs via a staging mechanism, i.e. in the initial stage (stage 4), 

one Li+ ion is shared between 72 C atoms forming LiC72 

compound, which continues to the final stage (stage 1) where 

one Li+ is shared among 6 C atoms forming LiC6.43 Therefore, as 

the intercalation proceeds from LiC72 to LiC6, more Li+ 

intercalate between the graphite layers leading to the 

enhanced charge transfer since one intercalated Li-ion transfers 

0.08|e| charge to the pristine graphene (without defects), as 

calculated theoretically by Ma et al.30 The intercalation of Li+ can 

further deform graphite structure in terms of 

stretching/expansion of in-plane C-C bond, which can create 

uniaxial44 or biaxial42 lattice strain in the graphite structure. The 

strain also originates from the increased electron density and 

possible steric hindrance due to intercalated ions.16 The widely 

invoked Daumas–Hérold model on intercalation phenomena 

postulates the deformity of graphene layer around 

intercalant.24 Chacon-Torres et al. and Sole et al. observed a 

similar red-shift (77 cm-1) and simultaneous weakening of the 

2D peak for a crystalline graphite anode. It would be interesting 

to note that the shift is similar in our case, although synthetic 

graphite is less crystalline than reported highly crystalline 

graphite.24,42 

 

Reduced graphene oxide (rGO):  

As shown in fig. 5, only two dominated Raman peaks, D (~1342 

cm-1) and G (~1591 cm-1) were observed at OCP (2.9 V) in the 

case of rGO and their intensity ratio, ID/IG is 1.08. CV profile of 

rGO/N-rGO show various cathodic peaks below 1.5 V 

corresponding to the SEI formation however, the absence of 

any additional peak in Raman spectra shows that the formed SEI 

is Raman inactive. During the negative sweep, the position of 

the D peak remained fairly intact and no splitting of G peak was 

observed, which confirms that the formation of staged GIC is 

unlikely in the case of defective structures like rGO and N-rGO, 

as was also claimed from the above CV analysis. Although one 

may think that the formation of a staged GIC can occur from the 

remaining ordered stacking of rGO, the G peak is broad enough 

(FWHM~ 75 cm-1) to suppress any observable peak splitting.16,45 

Further, during the negative sweep, G peak remained 

almost unchanged until 1.8 V (1591 cm-1), and then red-shifted 

to 1555 cm-1 until 0.35 V. The total red-shift in the G peak from 

OCP to 0.35 V was ca. 36 cm-1. The G peak shift can be attributed 

to the charge transfer to the rGO lattice.46 The negative charge 

transfer to the rGO lattice from the controlled potential sweep 

during the anodic scan leads to the accumulation of counter 

ions (Li+). This negative charge transfer results in the occupation 

of antibonding states (𝜋*), leading to the elongation and 

subsequent weakening of the C-C bond length in rGO.47,48 

Weakening of the C-C bond prompts the red-shit of the Raman 

G peak. Similar behavior for the G peak was also observed for 

disordered carbon electrodes such as activated carbon,15 

polyparaphenylene-based disordered carbon,49 low-

temperature pyrolytic carbon,50 and mesocarbon microbeads.51 

Along with the red-shift, the weakening of individual D and G 

Raman peak was observed until it completely disappeared at 

potential below 0.30 V. This could also be due to the same 

reason as explained in the case of graphite anode. It is noted 

that the complete disappearance of Raman peaks in the case of 

rGO occurred at a significantly higher potential region (E< 0.30 

V) than graphite (E< 0.08 V). The structural defects and 

exfoliated rGO sheets facilitate complete intercalation of Li+ at 

higher potential and hence, the electrical conductivity of rGO 

increased earlier than graphite leading to the early 

disappearance of Raman intensity. The Raman spectra change 

in rGO supports the above argument from CV profile (fig. 3), 

where the high potential cathodic peaks and early increase of 

specific current were observed for rGO and N-rGO as compared 

to graphite. The large accumulation and coverage of rGO lattice 

by Li+ will also contribute to the decrease in Raman intensity 

from sp2 C-C bond vibration.19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nitrogen-doped reduced graphene oxide (N-rGO):  

As shown in fig. 6(a) and 6(b), G peak was positioned around 

1593 cm-1 at OCP (2.7 V) which fluctuated slightly until 0.7 V and 

Fig. 5 In situ EC Raman spectra of Li+ intercalation into rGO anode. 
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then decreased/red-shifted to 1538 cm-1 with the decrease in 

potential to 0.30 V. The total G peak shift for N-rGO was ca. 

55 cm-1 as compared to the 36 cm-1 for rGO. Since this red-shift 

is associated with charge transfer, a large red-shift implies that 

the amount of charge transferred to N-rGO electrode is larger 

than that on rGO electrode. Besides, the D peak position was 

also observed to be blue-shifted from 1350 cm-1 at OCP to 1357 

cm-1 at 0.5 V (ca. ΔD= 7 cm-1), while in the case of rGO electrode, 

it remained unchanged (fig. 5). Based on the large charge 

transfer argument along with the shift in D peak position, the 

following description about charge storage in N-rGO can be 

considered. It is reported theoretically that various types of 

nitrogen vacancies work as active sites for electrolyte ions 

because of the high electronegativity of nitrogen than carbon 

and hybridization of 𝜋 electrons with the nitrogen lone pair.30,31 

As a result, more number of Li+ tends to accumulate at these N-

vacancies compared to lattice defects, like in rGO, created from 

high pyrolysis temperature. A significant accumulation of Li+ at 

N-vacancies is expected to result in a greater charge transfer to 

the N-rGO electrode, which induces a larger red-shift in the G 

peak as compared to the rGO electrode. Additionally, the 

presence of Li+ at N-vacancies can hinder the breathing mode of 

the carbon ring, as a consequence, a blue-shift is observed in 

the Raman D peak.14 Ma et al. used a grid-based Bader analysis 

algorithm, to compare the amount of charge transfer from 

intercalated Li+ to the N-doped and undoped graphene lattice. 

It was observed that more charge is transferred in the case of 

N-doped graphene (0.84|e|) as compare to un-doped graphene 

(0.70|e|), which supports our description.30 As the potential is 

further decreased, both D and G peak intensities weakened and 

disappeared eventually (E< 0.3 V), as was observed in the case 

of rGO.  

At further lower potential (E< 0.05 V), a new and only Raman 

peak appeared at ca. 1850 cm-1. This type of peak is not 

reported and not characteristic of graphene-based electrodes. 

This Raman peak is reversible and disappeared with the 

application of positive potential, shown in fig. S5. Conventional 

electrochemical measurements failed to observe any indication 

of this new Raman peak, although is observed clearly in the in 

situ Raman analysis, highlighting the advantages of in situ 

measurements. To confirm the reproducibility and origin of this 

peak, we also tested three other N-rGO samples, prepared at 

different pyrolysis temperatures i.e. 600, 700, and 900 oC. As 

reported in our previous report,2 the pyrolysis temperature 

affects the extent of nitrogen doping, nitrogen functionalities, 

degree of reduction, etc. It is interesting to note that the N-rGO 

samples synthesized at pyrolysis temperatures 700 and 900 oC, 

which are near to the 800 oC synthesis temperature, showed 

similar Raman spectrum change (fig. S6 (a) and (b)). The new 

Raman peak at 1850 cm-1 appears at the same position and in 

the same potential range E< 0.05 V for both the samples. The 

presence of this reversible Raman peak in N-rGO samples only 

at a lower potential region indicates the possibility of formation 

of an intermediate species by the interaction between Li+ 

electrolyte ion and N-vacancies.  

Ma et al. have also observed a new reversible Raman peak 

at ~1850 cm-1 during charging of InN thin film electrode in 1 M 

bis(trifluoromethane)sulfonamide lithium (LiTFSI) electrolyte.52 

The Raman peak was associated with the formation of Li3N 

species, which started to appear at the final stage of charging 

(low potential region) and disappeared during discharging (high 

potential region). Such reversible intermediate (LixN) formation 

is also possible in N-rGO samples by the intercalation of Li+ and 

succeeding interaction with N-vacancies in the low potential 

region. It is also interesting to mention here that this type of 

Raman peak was only observed during the cycling of N-rGO 

electrodes and was not found in the case of graphite and rGO, 

again highlighting the role of N-vacancies. A schematic 

representation of the charge storage mechanism and the role 

of N-vacancies is shown in fig. 7. The presence of this peak in all 

three different types of N-rGO electrodes also eliminates the 

possibility of an artifact. Although the Raman peak at 1850 cm-1 

was absent in the case N-rGO synthesized at 600 oC (fig S7), it 

could be due to the fact that the formation of LixN requires 

active interaction between N-vacancies and Li-ions. The 

incomplete reduction of GO, presence of a large number of 

oxygen functionalities, a lower degree of reduction, and 

incomplete doping of N in rGO at 600 oC can inhibit the 

intercalation of Li+ into N-rGO (600 oC) sheets and thus can lead 

to the absence of LixN species formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The role of LixN intermediate formation on the enhanced 

capacity of N-rGO (shown in fig. S4) is yet to be explored. 

Fig. 6 (a) In situ EC Raman spectra of Li+ intercalation and (b) change in Raman peak 

G and D of N rGO electrode (* new Raman peak observed at 1850 cm-1) 

(a) 

(b) 
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Although based on the reported literature by Zhu et al. and Park 

et al., it is depicted that lithium nitride species such as Li3N 

retain high Li+ conductivity (10-3 S cm-1) and provide stability to 

the electrode over dendrite formation,53,54 leading to the high 

cyclic stability. To investigate the role of LixN on the cyclic 

stability, 100 cycles of charge-discharge for N-rGO and rGO was 

carried out at C/2 rate and is discussed in ESI fig.S8.  

Conclusion 

In this work, in situ electrochemical Raman spectroscopy was 

employed to investigate lithium-ion intercalation/de-

intercalation mechanisms in synthetic graphite, rGO, and N-

rGO. Staged GIC formation in graphite was observed from the 

splitting of Raman G peak and the induced strain in the lattice 

was indicated by the variation in the 2D peak. For rGO and N-

rGO, intercalation did not follow the staging mechanism as in 

graphite because of their defective structure. However, these 

defects help in an early and large accumulation of Li+, observed 

from the red-shift in the G peak (ΔGrGO= 36 cm-1 and ΔGN-rGO= 55 

cm-1) and early disappearance of Raman peaks. The large 

accumulation of Li+ in N-rGO is due to its nitrogen vacancies and 

nitrogen induced defects, indicated by the larger red-shift in G 

peak and blue-shift in the D peak (ΔD= 7 cm-1). It was also 

observed that interaction between Li+ and nitrogen 

functionalities result in the formation of a reversible 

intermediate species LixN, identified as a new Raman peak at 

1850 cm-1. The presence of a new Raman peak was confirmed 

in other N-rGO samples with variable nitrogen doping and 

functionalities. This study gives an insight into the charge 

storage mechanism in high-performance electrode materials 

like rGO and N-rGO, which otherwise remain unexplored. 

Although, more chemical composition-based in situ studies are 

required to understand the exact intermediate species 

formation in the case of heteroatom doped graphene such as 

N-rGO. 
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